Chicken oviductal epithelium produces large quantities of egg white protein in daily cycles. In this study, we cultured and characterized oviductal epithelial cells (OECs) from juvenile (10-wk-old) chickens and from actively laying (30-wk-old) hens. The juvenile OECs were maintained over passage 25 and were positive for toluidine blue, lectin-ConA, HPA, UEA-1, WFA, WGA, anti-OVA, anti-ESR1, and anti-PGR, whereas the adult OECs were cultured over passage 6 and were positive for toluidine blue, periodic acid-Schiff, lectin-ConA, WFA, WGA, anti-OVA, anti-ESR1, and anti-PGR. To investigate the optimal concentration of steroid hormones for inducing egg white protein genes in vitro, we examined the effects of estrogen, diethylstilbestrol, progesterone, and corticosterone on OECs. Results showed that oviduct-specific levels of avidin, ovalbumin, ovomucin, lysozyme, ESR1, and PGR gene expression were significantly elevated in steroid hormone-treated OECs compared with those of untreated cells (P , 0.05). Ovalbumin protein was also secreted into culture medium from hormonetreated OECs. In addition, to examine the application of OECs for avian transgenesis, we introduced human thrombopoietin (THPO)-expressing lentiviral vector controlled by a 3.5-kb ovalbumin promoter into cultured OECs, and THPO expression was significantly induced with diethylstilbestrol or progesterone in juvenile OECs (P , 0.05) and in adult OECs (P , 0.05). In conclusion, these data demonstrate the potential of cultured OECs as a model system for providing a better understanding of the regulation of gene expression and for the production of an avian transgenic bioreactor.
INTRODUCTION
In most mammals, the oviduct consists of three different segments, the infundibulum, ampulla, and isthmus, each of which is involved in specific biological events. The structure of the epithelium of the mammalian oviduct is the simple columnar epithelial type, while functionally, it provides an environment for the normal early stage of embryonic development and serves as a sperm reservoir [1] . The chicken reproductive system differs from that of mammals. First, an egg is laid almost daily, and most egg components except for the yolk are synthesized and secreted from the oviduct, which is morphologically divided into five parts: the infundibulum at the opening of the oviduct tube; the magnum, which accumulates egg white proteins; the isthmus, which accrues the shell membrane; the uterus, which generates the hard shell; and the vagina, which functions in sperm storage, selection, and transport [2] . The unique feature of the chicken oviduct compared with that of mammals is that it produces egg components within oviduct tubular gland cells, which are located more deeply in the mucosal folds and synthesize secretory granules.
Although the chicken is a potential transgenic bioreactor and a model animal, few in vitro studies have examined chicken oviductal epithelial cells (OECs) from laying hens, which produce approximately 4-5 g of egg white proteins daily. Alternatively, most in vitro studies of the transcriptional mechanism of chicken oviduct-specific and steroid hormoneinduced gene expression have been limited to only a few nonchicken cell lines, such as mouse embryonal carcinoma cells [3] and human cervical cancer cells.
To support early embryo growth as a feeder layer or to develop a coculture system for in vitro fertilization, culturing of OECs has been attempted in the rabbit [4, 5] , pig [6] , cow [7] , and human [4, 8] . However, previous reports were focused mainly on improving in vitro culture conditions of OECs by modifying basic culture media and supplements to support early embryos in culture. Mammalian and avian OECs require pH-buffered balanced salts supplemented with serum, usually taken from the same species [5] [6] [7] [8] . In addition, energy sources are required, such as glucose, lactate, pyruvate [9] , and glutamine, which must be optimized for each species [9] . The optimal pH for incubation may be species specific, and the optimal incubation temperature is related to the core body temperature of the source species [5, 10] .
However, chicken OECs, especially tubular gland cells, which actively synthesize egg white proteins and are a unique feature of oviparous animals, have not been examined. One of the significant structural differences between mammals and avian species is the major cell types in the oviduct; the mammalian oviduct is composed of epithelium and stroma, whereas the chicken oviduct consists of a large population of tubular glands and a small proportion of epithelial cells [11] [12] [13] . In chickens, the oviduct magnum structurally consists of surface epithelium, which is composed of ciliated nonsecretory cells and nonciliated secretory cells, as well as tubular gland cells, which are classified as type A, B, and C cells based on morphological differences between secretory granules and the location of the developing egg in the oviduct. Tubular glands, located deep in the mucosal folds of the egg-laying hen oviduct, are characterized by numerous secretion granules [14] , granular endoplasmic reticular cisternae around the nucleus, and a Golgi complex consisting of elongated saccules, vacuoles, and small cisternae [15] .
Chickens also play a pivotal role in biomedical science and pharmaceuticals as model systems for studying genetic engineering techniques and bioreactors [16, 17] . One of the most significant developments in avian transgenic technology is the production of humanized therapeutic proteins from genetically modified chickens. Despite these advances, little is known about the transcriptional mechanism(s) of exogenous genes in the chicken oviduct, as well as the functional roles of oviductal epithelium. This is due to the lack of an in vitro culture system for OECs combined with the challenges involved in the production of transgenic chickens [18] . In addition, cultured OECs have the potential to produce useful recombinant proteins in vitro, which could verify their bioactivities and functions. The purposes of this study were to establish an in vitro culture system that allows characterization of the endocrinological features of chicken OECs and optimization of exogenous recombinant protein expression plasmids for transgenic bioreactors.
MATERIALS AND METHODS

Experimental Animals and Animal Care
The care and experimental use of chickens was approved by the Institute of Laboratory Animal Resources, Seoul National University (SNU-070823-5). Chickens were maintained according to a standard management program at the University Animal Farm, Seoul National University, Republic of Korea. The procedures for animal management, reproduction, and embryo manipulation adhered to the standard operating protocols of our laboratory.
Experimental Design
In the first experiment, oviducts from juvenile (10-wk-old) and egg-laying adult (30-wk-old) White Leghorn (WL) hens were dissected, dissociated, and cultured. To characterize cultured cells, cells were stained with toluidine blue (TB), periodic acid-Schiff (PAS), fluorescein isothiocyanate (FITC)-conjugated lectin-peanut agglutinin (PNA), Helix pomatia agglutinin (HPA), concanavalin A (ConA), Ulex europaeus agglutinin-1 (UEA-1), Wisteria floribunda agglutinin (WFA), and wheat germ agglutinin (WGA) and immunostained with antibodies against ovalbumin (OVA), estrogen receptor 1 (ESR1), and progesterone receptor (PGR).
In the second experiment, cultured cells were treated with steroid hormones, including 17b-estradiol (E 2 ), diethylstilbestrol (DES), progesterone (P 4 ), and corticosterone (C). RT-PCR and enzyme-linked immunosorbent assay (ELISA) were then performed to directly compare the hormone responsiveness of oviduct-specific expression levels of OVA, ovomucoid (OVM), lysozyme (LYZ), avidin (AVD), ESR1, and PGR, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression used as a control. In the final experiment, cultured cells were infected with fusion lentiviral vectors containing 3.5 kb of the OVA 5 0 flanking sequence and the human thrombopoietin (THPO) gene, and the induction of THPO expression was verified with hormone treatment.
Preparation of Oviduct, Cell Culture, and Hormone Administration
To establish an in vitro culture system for chicken OECs, the magnum segments from the oviducts of both juvenile and egg-laying adult hens were dissected and cultured. The magnum segment of the oviducts from juvenile (10-wk-old) and adult (30-wk-old) hens were trimmed free of connective tissue, dissected mechanically, and washed in PBS, and the inner cell layers of the oviducts were scraped with a thin blade. The method for oviduct cell dissociation was modified from that of our previous study [19] . Briefly, oviduct tissues scraped from the inner cell layer were dissociated with Hanks buffered salt solution (HBSS) containing 0.25% trypsin (Invitrogen, Grand Island, NY) and 1 mg/ml collagenase IV (Sigma, St. Louis, MO) for 30 min in a shaking water bath, and the dispersed cells were filtered through a 40-lm nylon cell strainer (Falcon, Franklin Lakes, NJ). To minimize contamination of fibroblast cells, OECs from juveniles were seeded at a density of 1 3 10 6 cells in 100-mm culture dishes and incubated for 1-2 h. Floating epithelial cells were collected and transferred onto a second culture plate, while fibroblast cells were left attached to the original plate because OECs take longer to attach and proliferate more slowly than fibroblast cells during primary cell culture [20] . Approximately 2 3 10 6 dissociated OECs from egg-laying hens were placed directly into a 100-mm culture dish. All dissociated cells were cultured with modified Dulbecco modified Eagle medium (DMEM)-F12 medium (Invitrogen) containing 10% (v/v) fetal bovine serum (FBS; Hyclone, Logan, UT), 2% (v/v) chicken serum (Invitrogen), 13 antibioticantimycotic agents (Invitrogen), 10 mM nonessential amino acids (Invitrogen), and 0.55 mM b-mercaptoethanol (Invitrogen) in an incubator with 5% CO 2 at 378C and 60%-70% relative humidity. A total of 10 ng/ml epidermal growth factor (EGF; Sigma) was used only for juvenile oviduct cell culture. After 3 days of preculture without hormone supplementation, optimal concentrations of hormones including E 2 , DES, P 4 , and C were evaluated. To maintain the cells for long-term culturing, cells were subcultured with a low concentration of trypsin (0.01%) in HBSS or cell detachment solution (Accutase; Millipore, Billerica, MA) for 5 min and then replaced into a culture plate.
To examine their responsiveness to steroid hormones, we treated in vitrocultured juvenile and adult OECs with E 2 , DES, P 4 , or C or DES with P 4 (DESþP 4 ). The concentrations at which each steroid hormone was used were 100 lM, 1 lM, and 10 nM. As a negative control, basic culture medium with 0.1% ethanol, which is a vehicle for E 2 , DES, C, and P 4 , was used. For the starting concentration of steroid hormones, 100 lM was administrated based on an in vivo study of estrogen-stimulated WL oviduct [21] , and all experiments were repeated at least three times.
Cytochemistry
Cultured OECs were fixed in 3.7% buffered paraformaldehyde for 10 min and stained with PAS solution (Sigma) for 5 min or TB solution (Sigma) for 2 min. All procedures were performed at room temperature, and stained cells were observed with an inverted microscope (model TE2000-U; Nikon, Tokyo, Japan).
Immunocytochemistry and Confocal Microscopy
The procedures for immunostaining of cultured cells were modified from those of our previous studies [22, 23] . Briefly, cultured OECs were fixed in 3.7% buffered paraformaldehyde for 10 min and permeabilized with 0.1% Triton X-100 in PBS for 5 min. They were then incubated in 0.1% normal goat serum to block nonspecific binding and reacted with each primary antibody for 1 h, as follows: mouse anti-chicken OVA immunoglobulin G (IgG) antibody (1:200 dilution; Sigma) and rabbit anti-human ESR1 IgG antibody (1:100 dilution; Sigma) [24] or mouse anti-human PGR IgG antibody (1:100 dilution; Biocare Medical, Concord, CA) [25] . After incubation with each primary antibody, OECs were reacted with cyanine (Cy) 3-or phycoerythrin (PE)-conjugated secondary antibody for 1 h. For lectin staining, cultured cells were reacted with FITC-conjugated lectin-PNA, HPA, ConA, UEA-1, WFA, and WGA, each at a concentration of 5 lg/ml, for 1 h at room temperature. For double staining, juvenile and adult OECs were incubated with anti-OVA, anti-PGR, and anti-ESR1 antibodies at room temperature for 1 h, respectively, and serially reacted with 1:1000 diluted Cy 3-or PE-conjugated anti-mouse IgG or rabbit IgG antibodies for 1 h at room temperature. Each sample was incubated with FITCconjugated lectin-WGA for 1 h at room temperature. All fluorescent samples were counterstained with diamidino-2-phenylindole (DAPI) and observed with a confocal microscope (model LSM-700; Zeiss, Oberkochen, Germany).
Total RNA Extraction and Real-Time PCR Analysis
OECs from 10-wk-old or egg-laying WL hens were cultured in vitro for prolonged periods and treated with steroid hormones for the induction of endogenous egg white genes. To estimate the hormones' effects on cultured OECs, total RNA was extracted using TRIzol reagent according to the manufacturer's instructions (Invitrogen) and then quantified with a spectrophotometer. A 1-lg aliquot of each RNA sample was reverse-transcribed in a total volume of 20 ll of single-stranded cDNA by using the Superscript III FirstStrand synthesis system (Invitrogen). Primer sets (see Supplemental Fig. S1A available at www.biolreprod.org) were synthesized to amplify specific fragments of chicken oviduct-specific OVA, OVM, LYZ, AVD, ESR1, and PGR transcripts for quantitative RT-PCR analysis. To analyze relative expression levels, the iCycler iQ real-time PCR detection system (Bio-Rad, Hercules, CA) and EvaGreen (Biotium, Hayward, CA) were used for quantitative RT-PCR analysis; nontemplate wells without cDNA were included as a negative control, and each test sample was run in triplicate. PCR amplification was performed as follows: 948C for 3 min, followed by 40 cycles at 948C for 30 sec, 608C for 30 sec, and CHARACTERIZATION AND APPLICATION OF CHICKEN OECs 799 728C for 30 sec, using a melting curve program (increase in temperature from 558C to 958C at a rate of 0.58C per 10 sec) and continuous fluorescence measurement. A relative quantification of gene expression was calculated after normalization of the GAPDH transcript (endogenous control) and the nonspecific control as a calibrator using the 2 -DDCt method. PCR products were examined by electrophoresis in 1% agarose gels stained with ethidium bromide.
Vector Construction (TPO and EGFP), Lentivirus Production, and Transduction
The pLTReGW, pLcOVTPO, and pLOVcTPO lentiviral vectors were used. Briefly, plasmid pWP1, a gift from Dr. Trono (É cole Polytechnique, Lausanne, Switzerland), was cloned into pLTEiGW, and the Rous sarcoma virus (RSV) promoter derived from pLXRN (Clontech, Palo Alto, CA) was ligated into the pLTEiGW vector, resulting in the construction of a pLTReGW lentiviral vector [26] . The pLcOVTPO and pLOVcTPO vectors were cloned from the 3.5-kb flanking sequence of the 5 0 -OVA promoter and the human THPO gene, located at the central polypurine tract (cPPT) sequence in front of the promoter (pLcOVTPO) and between the promoter and the human THPO gene (pLOVcTPO), respectively. Lentiviral particles were produced after transfection of the pLTReGW lentiviral vector and a pLP1/pLP2/pVSV-G mixture of packaging helper plasmids (Invitrogen) into 293FT cells by using the calcium phosphate coprecipitation method. The supernatant was harvested 48 h after transfection, filtered through cellulose acetate filters (0.22-lm pores), and concentrated by centrifugation at 115 915 3 g for 100 min, using an ultracentrifuge (model WX80; Sorvall, Waltham, MA). After ultracentrifugation, the lentivirus pellets were dissolved in DMEM supplemented with 10% FBS for 6-14 h at 48C and then stored at À708C for subsequent experiments. To determine its titer, we serially diluted a nonconcentrated viral supernatant of pLTReGW (13) and subsequently transduced it into 3 3 10 5 chicken embryonic fibroblasts in a six-well cell culture plate (Techno Plastic Products, Trasadingen, Switzerland), which resulted in more than 2 3 10 6 transducing units/ml via endpoint dilution titration. The 3-day precultured OECs were infected with the concentrated lentivirus after ultracentrifugation. Green fluorescent protein (GFP)-positive OECs were monitored by fluorescenceactivated cell sorting (FACS) analysis (FACSAria; BD Biosciences, San Jose, CA). Cultured OECs were infected with concentrated pLcOVTPO and pLOVcTPO lentivirus vectors overnight and washed twice with culture medium, and DES and P 4 were administered to induce the human THPO gene.
ELISA
Culture medium samples of in vitro-cultured OECs from juvenile and adult hens were collected and diluted serially in 10-fold dilutions of up to 10 À1 and 10 À5 to evaluate the optimal range of OVA protein in culture medium. Next, ELISA was conducted following the manufacturer's protocol (chicken egg OVA ELISA kit; Alpha Diagnostic International, San Antonio, TX). Briefly, 100 ll each of samples and controls was added to 96-well plates coated with OVA capture antibody and incubated for 1 h; samples were then washed five times with washing solution, incubated with 100 ll of an anti-OVA-horseradish peroxidase conjugate in each well for 1 h, and washed five times; 100 ll of 3,3 0 ,5,5 0 -tetramethylbenzidine substrate was then added for 5-10 min, followed by stop solution. The optical density of each well was determined immediately, using a microplate reader (Amersham Biotrak; GE Healthcare, Richmond, CA) set to a 450-nm wavelength, and readings were converted to optical density values to determine protein concentrations. ELISA was repeated in triplicate.
Statistical Analyses
The procedure of generalized linear models (PROC-GLM) model of SAS software (SAS, Cary, NC), which employs ANOVA and the least-squares method, was used for statistical analysis of the numerical data. Statistical significance was set at a P value of ,0.05. In the first experiment, different levels of proliferation activity were measured in cultured cells treated with EGF. In the second set of experiments, the optimal concentration of steroid hormone was determined, and the relative expression levels of oviduct-specific genes in cultured cells were compared between juvenile and egg-laying adult hens with or without hormone administration by analyzing statistical differences. In the last set of experiments, cultured OECs from juvenile and adult cells carrying the introduced human THPO lentiviral vector were analyzed.
RESULTS
In Vitro Culturing of Chicken OECs
Cultured OECs from juvenile chickens were mainly epithelial cells, which formed a monolayer and rapidly proliferated during primary culture (Fig. 1) . In contrast, the major cell population of the adult chicken OECs consisted of tubular gland cells that formed a monolayer after the secretion of granules was completed (Fig. 1) . Adult OECs were maintained at passage 6 (over 6 wk), and juvenile OECs were subcultured until passage 25 (over 4 mo) (Fig. 1) .
In Vitro Characterization of Chicken OECs
To characterize cultured OECs, well-known markers for oviductal epithelium in other species were used. First, TB staining, an indicator of proteoglycans and glycosaminoglycans, was conducted with both cultured juvenile and adult OECs ( Fig. 2A) . Additionally, PAS, a detector of glycogen, glycoprotein, and proteoglycan, was reacted with adult OECs but not with juvenile OECs (Fig. 2A) . These results were intended to compare the level of PAS-stained expression of glycogen, glycoprotein, and proteoglycans with that of juvenile PAS-stained cells. In our preliminary experiment, the histological analysis of juvenile and adult oviductal magnum showed identical staining patterns (data not shown).
Second, FITC-conjugated lectin was used to stain cultured OECs to investigate which carbohydrates or sugar residues were expressed (Table 1 ). In cultured juvenile OECs, most lectins tested were located broadly throughout the cell membrane or cytoplasm (Fig. 2A) . Interestingly, in cultured adult OECs, ConA-and WGA-binding molecules were CHARACTERIZATION AND APPLICATION OF CHICKEN OECs selectively localized in the cytoplasm, and these unique lectinbinding structures seemed to be secretory granules in robustly secreting cells (Fig. 2A) . Lectin PNA and UEA-1 were weakly expressed in both cultured juvenile and adult OECs ( Fig. 2A) . Finally, we investigated the localization of OVA, ESR1, and PGR in cultured OECs from juveniles and adults (Fig. 2B) . In cultured juvenile OECs, OVA, ESR1, and PGR were localized only around the nucleus, but lectin-WGA was dispersed in cytoplasm. In cultured adult OECs, OVA was closely colocalized with lectin-WGA in the secretory granules, while ESR1 and PGR were dispersed around the nucleus and cytoplasm (Fig. 2B ). ESR1 and PGR localization in cultured OECs was similar to that in a previous report [27] , which suggested that steroids are possibly involved in the original formation of hormone receptor complexes in the cytoplasm and then translocated into the nucleus to regulate transcriptional mechanisms of egg white protein genes.
Optimal Concentration of Selected Hormones to Stimulate Oviduct-Specific Genes
To examine the responsiveness to steroid hormones in cultured juvenile and adult OECs, quantitative mRNA expression levels of OVA, OVM, LYZ, AVD, ESR1, and PGR genes were investigated after treatments with E 2 , DES, P 4 , C or DESþP 4 (Supplemental Fig. S1B ). The overall expression levels of egg white genes were hormone dose-dependent, but the OVA and LYZ genes did not show any dose-related induction in response to E 2 and P 4 . The OVM gene also did not respond to DES and P 4 . Thus, further experiments should be necessary for determining optimal concentration of each hormone to each gene. However, in the subsequent experiment, we used 100 lM DES and 1 lM P 4 because those concentrations produced the best response effects for upregulation of egg white genes. Compared to nontreated controls, the expression of egg white genes could be upregulated by steroid hormones in cultured OECs, but ESR1 and PGR expression levels were induced only by high concentrations of steroids (P , 0.05) (Supplemental Fig. S1B ). As a result, 100 lM E 2 induced OVA, LYZ, OVM, and ESR1 expression (P , 0.05), while 100 lM DES strongly stimulated OVA, LYZ, OVM, and ESR1 expression (P , 0.05). P 4 at 1 lM also stimulated OVA, AVD, LYZ, OVM, and ESR1 expression (P , 0.05), and the DESþP 4 combination showed stimulation of OVA, AVD, OVM, ESR1, and PGR expression; however, induction levels in response to the DESþP 4 combination were not much higher than those in OECs of primary culture treated with DES or P 4 alone. Although E 2 also stimulated egg white gene expression in cultured OECs, the expression levels of oviduct-specific genes in DES-treated OECs were relatively higher than those in E 2 -treated cells, so, finally, 100 lM DES and 1 lM P 4 were determined to be optimal concentrations of steroids for inducing egg white protein gene expression in cultured OECs and were used for subsequent experiments.
Expression Patterns of Oviduct-Specific Genes in Cultured OECs by Hormone Administration
To confirm the expression patterns of cultured OECs after hormone administration in vitro and to assess the hormone responsiveness of cultured OECs from juvenile and adult chickens, we observed the morphological changes in cells and the expression levels of oviduct-specific genes and quantified the expression of OVA protein by ELISA. Morphological changes were observed in cultured juvenile (Fig. 3A) and adult ( Fig. 4A ) OECs after hormone administration. As illustrated in Figures 3B and 4B , the relative mRNA expression levels of the oviduct-specific OVA, OVM, LYZ, AVD, ESR1, and PGR genes were significantly stimulated by DES and P 4 in juvenile (P , 0.05) and adult (P , 0.05) OECs. Simultaneously, DES and P 4 stimulated the ESR1 and PGR genes in cultured OECs.
Quantification of OVA protein, a major protein of egg white, was estimated by OVA ELISA. In juvenile OECs not treated (NT) and DES-and P 4 -treated cells produced and secreted OVA into the medium at concentrations of 40.4 ng/ml, 44.6 ng/ml, and 42.6 ng/ml, respectively (Fig. 3C) . However, much larger amounts of OVA were observed in the culture medium of adult OECs with not treated and DES-and P 4 -treated groups, resulting in concentrations of 10.8 mg/ml, 13.8 mg/ml, and 12.0 mg/ml (P , 0.05), respectively (Fig. 4C) . These higher expression levels of OVA protein in adult cultured OECs could be expected because adult OECs were already stimulated and produced egg white protein in vivo before being cultured in vitro.
Expression Patterns of Oviduct-Specific Genes in Prolonged Culture of OECs by Hormone Administration
For prolonged culturing, juvenile and adult OECs were grown to passage 20 and passage 5, respectively (Supplemental Fig. S2 ). They were then tested for their responsiveness to DES, the most effective hormone for cultured OECs. RT-PCR analysis showed that both OEC types highly expressed oviduct-specific OVA, OVM, LYZ, AVD, ESR1, and PGR transcripts with DES treatment compared to that with untreated cells (P , 0.05) (Supplemental Fig. S2 ). Long-term cultured and primary cultured OECs were stained with anti-OVA antibody after DES treatment to confirm the RT-PCR results (Fig. 5) . DES-treated OECs of both primary and prolonged cultures showed more intense staining against anti-OVA.
Introduction and Expression of Foreign Genes in Cultured Chicken OECs
Next, we investigated the potential of in vitro-cultured chicken OECs as a model system for stable expression of exogenous genes by transferring a recombinant fusion vector into OECs and by steroid hormone interactions. First, the pLTReGW lentivirus (Supplemental Fig. S3 ) was transduced into cultured OECs, and FACS analysis was used to examine transduction efficiency. The percentages of GFP-positive cells Fig. S3 ). In the subsequent experiment, to examine whether administration of steroid hormones induced the expression of foreign genes driven by tissue-specific promoters, pLcOVTPO and pLOVcTPO viral vectors controlled by the 3.5-kb OVA promoter (Fig. 6A) were transduced into cultured juvenile and adult OECs and induced with 100 lM DES and 1 lM P 4 . As illustrated in Figure 6B , results of RT-PCR and quantitative RT-PCR analyses showed that the basal levels of human THPO expression without hormone treatments differed depending on the position of the cPPT element. The basal expression level of the pLcOVTPO lentiviral vector was higher than that of pLOVcTPO in both juvenile and adult cultured OECs. Furthermore, when DES or P 4 was administered, the mRNA levels of the human THPO gene infected by pLcOVTPO lentivirus were highly induced compared with those derived from pLOVcTPO lentivirus (Fig.  6C) ; in juvenile cultured OECs, human THPO expression from pLcOVTPO was 2.43-fold higher with DES (pLcOVTPO versus pLOVcTPO, P , 0.05) and 3.89-fold higher with P 4 (pLcOVTPO versus pLOVcTPO, P , 0.05). In adult cultured OECs, human THPO expression from pLcOVTPO was 1.59-fold higher with DES (pLcOVTPO versus pLOVcTPO, P , 0.05) and 3.26-fold higher with P 4 (pLcOVTPO versus pLOVcTPO, P , 0.05) (Fig. 6C) . These results indicate that a tiny cPPT element position could affect foreign gene expression in transgenic chickens.
DISCUSSION
In mammals, the oviduct plays a pivotal role in reproduction, providing an optimal environment for oocyte growth and maturation, sperm storage and capacitation, and fertilization [28, 29] . Over the last 70 yr, ongoing extensive examinations of the chicken oviduct, consisting of thousands of research articles and documents, have provided important models for hormonal responsiveness, hormonal regulation of cell growth, and ovarian cancer. One of the advantages of the chicken oviduct over that of mammalian systems is that it is an excellent model system for studying hormonal regulation of specific gene expressions. Specifically, the mechanism of egg laying is a highly and harmoniously orchestrated interaction of many complex steroid hormone events. In addition, while the composition of a chicken's egg is simple, the expression of each egg white protein gene is elaborately regulated by an array of steroid hormones. For several decades, the chicken oviduct model system has been central to in vivo studies of hormone interactions and the regulation of gene expression of egg white proteins, given the technical difficulties of establishing an in vitro culture system for chicken OECs. Therefore, the aims of this study were to establish in vitro culture conditions for chicken OECs from juvenile and egg-laying adult hens to enable examination of the hormonal regulation of oviductspecific gene expression and to conduct quantitative analyses of exogenous gene expression levels by using a lentiviral vector system for producing therapeutic human proteins such as THPO.
Chicken OECs are an attractive model for studying tissuespecific transcriptional regulation and hormone-induced gene expression, despite the difficulties of in vitro culturing [20] . A variety of OEC lines have been developed from mammalian species such as humans [30, 31] , mice [32] , and bovines [33, 34] . These immortalized cell lines are applied as feeder layers for in vitro fertilization and used mainly for research of human   FIG. 3 . Quantitative RT-PCR analysis of oviduct-specific genes in juvenile OECs after hormone administration is shown. A) OECs from juvenile chickens (10-wk-old) were cultured (a) and treated with DES (b) and P 4 (c). B) Relative expression levels of oviduct-specific genes in the cultured juvenile OECs after hormone administration showed that DES and P 4 significantly affected mRNA expression levels between the NT and hormone-treated juvenile OECs, as follows: OVA by 2-and 1.5-fold, AVD by 2.5-and 4.6-fold, LYZ by 4.6-and 20.7-fold, OVM by 6.3-and 4.3-fold, ESR1 by 1.8-and 2.2-fold, and PGR by 3.3-and 1.8-fold for NT versus DES treatment and NT versus P 4 treatment, respectively. Superscript letters a, b, and c significant differences between the relative expression levels within each gene (P , 0.05). C) Quantitative expression of OVA protein in cultured juvenile OECs was also determined by ELISA after hormone administration, and OVA protein was produced and secreted in culture medium in concentrations ranging from 40 to 50 ng/ml, which showed no significant differences between NT and treatments (P . 0.05). DES, diethylstilbestrol; NT, not treated; P 4 , progesterone. Bars ¼ 25 lm.
CHARACTERIZATION AND APPLICATION OF CHICKEN OECs 803 sperm function, fertilization, and hormone therapies [7] . However, the development or establishment of an avian OEC line has not been previously reported. Given the physiological differences between the oviducts of mammals and those of avian species, an alternative approach to culture conditions, hormone administration, and transduction system is needed. A major structural difference between mammals and birds is the main cell population within the oviduct. The mammalian oviduct is composed of epithelial and stromal cells similar to those of the immature chick oviduct [11] [12] [13] , but the oviductal   FIG. 4 . Quantitative RT-PCR analysis of oviduct-specific genes in adult OECs after hormone administration is shown. A) OECs from the egg-laying hens (30-wk-old) were cultured (a) and treated with DES (b) and P 4 (c). B) Relative expression levels of oviductspecific genes in the cultured adult OECs after hormone administration showed that DES and P 4 activated mRNA expression to different degrees between NT and hormonetreated juvenile OECs, as follows: OVA by 4.8-and 3.1-fold, AVD by 1.23-and 3.4-fold, LYZ by 2.7-and 3.2-fold, OVM by 4.0-and 5.0-fold, ESR1 by 6.6-and 2.6-fold, and PGR by 4.3-and 2.6-fold for NT versus DES and NT versus P 4 , respectively. C) Quantitative expression of OVA protein in cultured adult OECs was also determined by ELISA after hormone administration, and OVA protein was produced and secreted in culture medium at concentrations ranging from 10 to 15 mg/ml. Superscript letters a, b, and c indicate significant differences between the relative expressions within each gene or between the amounts of OVA protein after hormone administration (P , 0.05). DES, diethylstilbestrol; NT, not treated; P 4 , progesterone. Bars ¼ 25 lm. [g, h] ), and FITC-conjugated lectin WGA and DAPI were also crossstained. In juvenile OECs, OVA (arrow) was overexpressed in DES-treated cells (b, f) compared with that in nontreated cells (a, e). In adult OECs, OVA was localized within secretory granules during primary culture regardless of DES treatment. Interestingly, in the subcultured adult OECs, OVA was broadly dispersed in the cytoplasm without DES treatment (g), but DES-treated adult OECs maintained their secretory granules, which were stained with anti-OVA antibody (h). DES, diethylstilbestrol; NT, not treated. Bars ¼ 25 lm. 804 magnum of egg-laying hens consists of a small portion of oviduct epithelium at the outer surface of the mucosa and a large portion of the oviduct tubular gland [15, 35, 36] . Although relatively little is known about chicken OECs, including immature oviductal fibroblasts and epithelial cells, a few reports are currently available. For instance, Renkawitz et al. [37] reported that short-term primary oviductal tissue cultures from immature chickens and OECs were maintained for 7-10 days in vitro, and Nordback et al. [38] developed a chick OEC culture system.
Despite decades of investigations, no OEC culture system has been completely established. However, our current data show that cultured OECs from the juvenile hen consist of highly pure epithelial cells after short-term incubation to remove fibroblasts, while adult OECs are composed predominantly of tubular gland cells. Juvenile OECs are cytodifferentiated into tubular glands under hormone administration in vivo [36] . Thus, phenotypic properties differ between juvenile oviductal epithelium and adult oviductal tubular gland cells. Notably, during the 2-to 3-day culture period, adult OECs actively secreted cellular granules, which then attached to the culture plate, unlike juvenile OECs, which attached immediately to form a monolayer. In addition, the doubling time of cultured juvenile OECs was much shorter (3-4-day intervals for subculture) than that of adult OECs (8-9-day intervals), and most juvenile OECs survived after subculturing with 0.25% trypsin-EDTA (TE), whereas adult cells treated with TE did not attach to the culture plate, and their growth ceased. Indeed, the key factor for subculturing of adult OECs in the present study was to minimize cell damage during cell splitting by using a low concentration of trypsin (0.1%) or more moderate conditions. With this method, the adult OECs proliferated rapidly and maintained stable morphology over passage 6 (over 6 wk), and juvenile OECs were subcultured until passage 25 (over 4 mo). In addition, epidermal growth factor, which is well known to stimulate OEC proliferation [39] , had a significant effect on the proliferation of juvenile OECs but not on that of adult OECs. Another important difference between cultured juvenile and adult OECs was their lectinbinding patterns. Considering the morphological and physiological features, this difference was presumably a reflection of the conversion from a simple cell type into specialized cell types such as tubular gland cells, which are cytodifferentiated from epithelial cells. The basal expression levels from the pLcOVTPO lentiviral vector were higher than those from the pLOVcTPO lentiviral vector in both juvenile and adult OECs. In the juvenile OECs, human THPO expression from pLcOVTPO was higher by 4.7-fold (pLcOVTPO versus pLOVcTPO) and 2.85-fold in the adult OECs (pLcOVTPO versus pLOVcTPO). C) After hormone induction with DES or P 4 , human THPO expression levels from pLcOVTPO were significantly higher than those from pLOVcTPO. a) In the hormone-treated juvenile OECs, levels of THPO expression from pLcOVTPO were higher by 2.43-fold (pLOVcTPO versus pLcOVTPO) after DES administration and by 3.89-fold (pLOVcTPO versus pLcOVTPO) after P 4 administration. b) In the adult OECs, the THPO expression levels from pLcOVTPO were higher by 1.59-fold (pLOVcTPO versus pLcOVTPO) after DES administration and by 3.26-fold (pLOVcTPO versus pLcOVTPO) after P 4 administration. The asterisk indicates a significant difference between human THPO expression levels in pLcOVTPO and those in pLOVcTPO (P , 0.05). LTR, long terminal repeat; W, packaging signal; RRE, rev-responsive element; cPPT, central polypurine tract of human immunodeficiency virus-1 (HIV-1); THPO, human thrombopoietin; WPRE, woodchuck hepatitis virus posttranscriptional regulatory element; NT, nontreated; DES, diethylstilbestrol; P 4 , progesterone.
Another application of the chicken oviduct model is the production of recombinant human proteins as bioreactors via avian transgenic techniques. This is especially useful because chicken eggs can be collected daily and their simple composition facilitates the straightforward purification of recombinant proteins. The number of research papers and technical reports addressing transgenic chicken production has gradually increased recently [40] [41] [42] . However, currently, the efficiency of the transgenic method is low given that a limited amount of transgenic protein is produced in a single egg white because of the lack of an optimal transgene delivery and expression system. Notably, our current data showed that the transduction efficiency of the RSV-EGFP lentiviral vector system was approximately 28%, and we successfully induced higher human THPO expression in cultured OECs using pLcOVTPO/pLOVcTPO viral vectors and hormone administration. Indeed, in currently available avian transgenic strategies, the recombinant viral or nonviral transgenic vectors were roughly introduced into the host genome, and the tissuespecific protein expression levels in the egg white from transgenic birds were quantified [42, 43] . This traditional method is time consuming, costly, and inefficient because of the lack of vector verification in the target organ such as the oviduct. Many factors must be considered when producing recombinant proteins in the oviduct, including hormone responsiveness, delivered gene size, and regulatory elements such as the steroid-dependent regulatory element (SDRE), the negative regulatory element (NRE), and the E 2 response element (ERE). In the present study, to verify highly efficient exogenous gene expression in the tubular gland cells of the oviduct, we evaluated the positional effect of the cPPT element in a lentiviral vector as well as a 3.5-kb region of the chicken OVA promoter containing NRE and SDRE. Our results showed that the cPPT element was two to five times more effective when it was located in front of the OVA promoter than behind it.
In conclusion, we established chicken OECs from the juvenile oviduct and presumptive tubular gland cells from the adult laying hen oviduct and characterized their lectin-binding patterns and hormone-responsiveness of endogenous egg white proteins in vitro. In addition, we demonstrated the possibility of tissue-specific expression in cultured and transduced OECs for use as a model system for application in the study of gene regulation and avian transgenesis. Although many physiological and endocrinological features of avian species remain unknown, our results provide insight into avian biology and will help with optimizing avian transgenic technology.
